ROLE OF TUMOR NECROSIS FACTOR IN TRANSPLANT REJECTION
Transplantation of solid organs from allogeneic donors has been the treatment of choice for endstage organ disease and advances in our understanding of transplantation immunology have resulted in clinical strategies that have greatly enhanced graft survival [1, 2] . Not surprisingly, due to the central role of major histocompatibility complex alloantigens in graft rejection, transplant immunology has focused on how adaptive immune mechanisms such as the priming and activation of lymphocytes are involved in the process of allograft rejections [3, 4] . These insights have led to the development of a number of immunosuppressive agents, which, by and large, inhibit activation of T cells (e.g., steroids, calcineurin, and mTOR inhibitors). These targeted strategies, predicated on modulating host immune responses, have significantly reduced the rates of acute rejection and increased short-term graft survival [2] . However, long-term allograft survival remains suboptimal [2] and new intervention strategies to prolong graft survival are likely to come from a greater understanding of cellular processes that are occurring within the donor cells and tissues.
The transplanted organ brings with it cells of both hematopoietic origin (e.g., resident macrophages) and nonhematopoietic origin (e.g., vasculature endothelial cells, stromal fibroblasts, cardiomyocytes, and renal tubular cells). Quite surprisingly, how cells in the donor tissue are involved in organ injury following ischemia reperfusion during surgical implantation and in the subsequent encounter with recipient immune cells are not well understood. Organ failure is ultimately a result of the death of cells in the transplanted tissue and understanding the decision-making process that determines life versus death may reveal therapeutic targets. In this review, we will expound on the hypothesis that the response of donor cells to TNF, depending on whether this cytokine is perceived by donor cells as a pro-survival or a pro-death signal, will determine graft tolerance or rejection.
The thesis that TNF has a role in allograft rejection was suggested by early observations of systemic TNF elevation in patients experiencing allograft rejection [5, 6] and in animal transplant models [7, 8] . Subsequent studies demonstrated that blocking TNF prolonged allograft survival in rodent models implicating a pathogenic role for TNF in graft rejection [9] [10] [11] [12] . This is now being tested in a clinical trial examining whether TNF blockade by infliximab will extend allograft survival and function in renal transplants (NCT02495077).
Exactly how TNF is involved in allograft rejection is unclear. TNF is an inflammatory cytokine and blocking TNF has proven to be highly effective in a number of inflammatory disorders [13] [14] [15] . This pro-inflammatory role of TNF is thought to be due to the induction of NFkB and MAPK signaling, and subsequent transcription of downstream proinflammatory genes including other cytokines, chemokines, receptors, and adhesion molecules [16] [17] [18] [19] . The expression of these genes would lead to the recruitment of innate and adaptive cells to the graft, similar to what occurs at the site of an infection. Because this paradigm of TNF's pro-inflammatory mechanism is well established in other inflammatory disorders (e.g., inflammatory bowel disease and rheumatoid arthritis), the conventional wisdom is that a similar mechanism may underlie TNF's role in graft rejection. This pro-inflammatory role of TNF is often synonymous with a pro-survival effect because NFkB transcription factors also upregulate a number of pro-survival genes that inhibit cell death. However, TNF also possesses cytotoxic potential as evidenced by its initial isolation as a factor that kills tumor cells [20] . It is currently unclear whether this cytotoxic response to TNF has any role in graft rejection and under what circumstances this response could come into play. With the increasing appreciation that cellular fate can shape the immunological responses [21] , the survival or death (apoptosis or necroptosis) of cells in the transplanted organ may be pertinent to graft survival outcome and to induction of immunotolerance. We will discuss the current understanding of susceptibility to TNF-induced cellular cytotoxicity and how that may link to graft survival in solid organ transplantation.
MOLECULAR REGULATION OF THE CELLULAR RESPONSES TO TUMOR NECROSIS FACTOR
To study and understand the biological function of TNF-driven cytotoxicity, an appreciation of its intricate signaling pathways is warranted [22] . TNF can trigger two opposing cellular fates -survival or death, and most cells have the machinery to induce both responses. However, the default response to TNF in a majority of cells is survival rather than cell death and the molecular basis for this behavior has become better understood. There are two receptors for TNF: the 55 kD TNFR1 and the 75 kD TNFR2 [18] . Due to its more widespread expression, TNFR1 is the dominant receptor that transduces TNF signaling.
KEY POINTS
TNF elevation is associated with allograft rejection in transplant patients and blocking TNF prolonged graft survival in animal models.
TNF is a pro-inflammatory cytokine, and this has been largely attributed to its transcription-dependent regulation of downstream inflammatory genes.
TNF can also trigger cell death and emerging experimental evidence suggests that this cellular response is also inflammatory.
The default response to TNF in most cells is survival, rather than death, and this is due to the presence of two sequential cell death checkpoints.
The early checkpoint is dependent on nondegradative ubiquitination of RIPK1 and is transcription-independent whereas the late checkpoint is dependent on NFkBmediated gene transcription.
When the early checkpoint fails, RIPK1 converts to a death-signaling mode and the cell succumbs to death via either CASPASE 8-dependent apoptosis or RIPK3/ MLKL-dependent necroptosis.
Ischemia reperfusion injury may be mediated in part by TNF-induced death of donor cells if there is a dearth of molecules that fortify the early checkpoint.
DAMPs and cellular debris from dying cells may enhance priming of allo-reactive T cells by antigenpresenting cells.
Deficiency in checkpoint-fortifying molecules will also render donor cells more vulnerable to death caused by TNF produced by both innate and adaptive immune cells.
Blocking TNF-induced cell death may be a strategy to prolong allograft survival.
Interaction of TNF with its TNFR1 leads to trimerization of the receptor that results in the formation of membrane-bound TNFR1 signaling complex I (i.e., TNFR1-SC). This TNFR1-SC is comprised of signaling molecules including TRADD, TRAF2, cIAP1/2, Linear Ubiquitination Assembly Complex (LUBAC), RIPK1, TAB2/3-TAK1, and NEMO-IKKa/b. The complex is highly regulated by posttranslational modifications including ubiquitination and phosphorylation that dictate cellular fate. We had proposed that there are two sequential cell death checkpoints in the TNFR1 pathway [22] [23] [24] (Fig. 1a) . Cell death occurs when either of these cell death checkpoints is disrupted (Fig. 1b) . The early checkpoint is a transcription-independent checkpoint that depends on the ubiquitination of RIPK1 by both the TRAF2/cIAP1/2 and LUBAC E3 ubiquitin ligases that catalyzes the formation of lysine 63 (K63)-linked and linear (M1)-linked poly-ubiquitin chains, respectively. The addition of these nondegradative ubiquitin chains on RIPK1 serves to protect against cell death in the following ways. First, ubiquitinated RIPK1 serves as a docking platform for NEMO/IKKa/b and TAB2/3/TAK1 kinase complexes, and this prevents RIPK1 from associating with death-signaling molecules. Second, TAK1 can now phosphorylate and activate IKK. In turn, IKK phosphorylates and further suppresses the death-signaling function of RIPK1 [25] , as well as phosphorylates and inhibits CYLD, a deubiquitinase that dismantles K63-linked poly-ubiquitin chains [26] . These phosphorylation events serve as additional reinforcement of the early cell death checkpoint. The IKK complex also phosphorylates IkBa leading to its degradation. This event results in the release and translocation of NFkB to the nucleus to induce transcription of pro-survival genes such as cFLIP and BCL2, providing long-term protection against death. The induction of NFkB-mediated gene transcription to protect against death is referred to as the late checkpoint. Failure in either checkpoint leads to death upon TNF stimulation.
The NFkB-dependent late checkpoint was the first checkpoint to be discovered when it was shown that cells with a genetic deficiency or a blockade in NFkB-dependent gene transcription were more sensitive to cell death when treated with TNF [27] [28] [29] . In the absence of NFkB-dependent pro-survival protein synthesis, a cytoplasmic signaling complex termed Complex IIa, comprising of TRADD, FADD, and CASPASE 8 is formed [30] . One way by which NFkB deficiency leads to death sensitivity is because cFLIP, an NFkB-regulated gene, is not replenished when NFkB is defective [30, 31] . cFLIP normally forms a complex with PROCASPASE 8 to limit its catalytic activity and so a reduction in cFLIP level results in auto-cleavage of PROCASPASE 8 to generate a p18/p10 tetrameric holoenzyme that initiates the apoptotic cascade. Active CASPASE 8 can cleave PROCASPASE 3 directly to generate active CASPASE 3, or it can do this indirectly by cleaving BID to generate tBID, which then causes the release of cytochrome C from the mitochondria leading to CASPASE 3 activation.
The ubiquitin-dependent early checkpoint was discovered a decade later when it was shown that blocking the nondegradative ubiquitination of RIPK1 by mutating its ubiquitin acceptor site caused RIPK1 to associate with CASPASE 8 to initiate apoptosis [32] . Similarly, treating cells with SMAC mimetics, which are compounds that inhibit the cIAP1/2 E3 ligases from ubiquitinating RIPK1, had the same effect [33, 34] . This particular complex of RIPK1 that forms with CASPASE 8 and FADD has been termed Complex IIb. Thus, ubiquitination of RIPK1 blocks death by preventing RIPK1 from interacting with CASPASE 8. One unique feature of death conferred by the failure of the early checkpoint and the involvement of RIPK1 is the ability of the apoptotic response to be shunted to necroptosis, an alternative form of cell death, when caspases are inhibited [35] . In the presence of caspase inhibitors, CASPASE 8 is prevented from cleaving CYLD and RIPK1 [36, 37] . Removal of ubiquitin chains from RIPK1 by CYLD then promotes the interaction of RIPK1 with RIPK3. The latter then phosphorylates MLKL resulting in MLKL oligomerization to trigger necroptosis. For both RIPK1-dependent apoptosis and necroptosis, its kinase activity is essential. Thus, ubiquitination of RIPK1 or the lack thereof can be considered as a toggle between survival (when RIPK1 is ubiquitinated) and death (when it is not ubiquitinated).
IMMUNOLOGICAL CONSEQUENCES OF TUMOR NECROSIS FACTOR-INDUCED CELL DEATH
Molecularly, the mechanism by which TNF induces cell death when the late checkpoint fails is different from when the early checkpoint fails. The death that occurs when the late NFkB-dependent checkpoint fails could be considered 'death by starvation' as it is due to a loss of an essential sustenance (i.e., NFkBdependent pro-survival molecules). In contrast, the death that occurs when the early ubiquitin-dependent checkpoint fails could be considered 'death by execution.' In this case, death is manifested as a result of RIPK1 gaining a death-inducing capability following the removal of the restraint imposed by ubiquitination. The biological effects and the immunological sequelae of TNF-induced cell death conferred by the failure of either checkpoints are 1 . Schematic of the cell death checkpoints in the TNFR1 signaling pathway. (a) In most cells, there are two sequential cell death checkpoints in the TNFR1 signaling pathway and ligand binding to TNFR1 does not trigger cell death. The early checkpoint occurs when RIPK1 is modified by K63-and M1-linked poly-ubiquitin chains catalyzed by the TRAF2/cIAP1/2 and LUBAC E3 ligases, respectively. RIPK1 is in a pro-survival mode and is prevented from associating with the FADD/CASPASE 8 death-signaling complex. This checkpoint is reinforced by IKK-mediated phosphorylation of RIPK1 and CYLD to further inhibit their death-signaling capabilities. The late checkpoint occurs when NFkB translocates to the nucleus to upregulate expression of pro-survival genes. If these checkpoints function properly, cells do not die in response to TNF. (b) Failure in the early checkpoint occurs when ubiquitination of RIPK1 is impaired. This can happen when expression or activity of the ubiquitin E3 ligases (e.g., TRAF2, cIAP1/2, and LUBAC) is blocked, or when the expression or activity of deubiquitinases (e.g., CYLD) is elevated. A reduction in ubiquitin chains on RIPK1 promotes its interaction with FADD and CASPASE 8 to induce apoptosis, or with RIPK3 to induce necroptosis if apoptosis is inhibited. The RIPK1-dependent death can then lead to inflammation. LUBAC, Linear Ubiquitination Assembly Complex; TNF, tumor necrosis factor.
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likely to be different. The use of mouse knockout models, which necessarily involve the deletion of pro-survival genes in the checkpoints to reveal the death response, have begun to shed light on this. Deletion in intestinal epithelial cells (IECs) of Nemo (thereby leading to the failure of both checkpoints with RIPK1 initiating the cell death) led to severe intestinal inflammation [38] . In contrast, combined deletion of Rel members of the NFkB family in the same tissue (thereby leading to failure of only the late checkpoint with no RIPK1 involvement) did not lead to colitis [38] . Hence, RIPK1-dependent death appears to be highly inflammatory. Another insightful mouse model is that of the cpdm strain, which has a spontaneous loss-of-function mutation in the Sharpin gene. This mouse strain exhibits immunodeficiency together with multiorgan inflammation including pronounced dermatitis [39] . SHARPIN together with HOIP/RNF31 and HOIL1/RBCK1 forms the LUBAC, an E3 ligase that catalyzes the addition of linear ubiquitin chains on molecules such as RIPK 1 and NEMO as part of the early checkpoint. SHARPIN deficiency sensitizes cells to RIPK1-dependent death when treated with TNF [40] [41] [42] . In vivo, the inflammatory phenotype of the Sharpin-deficient cpdm strain can be reversed by a compound deletion in Tnf [42] or by a K45A knockin mutation of Ripk1 that disables its kinase activity and thus RIPK1-dependent death [43] . Removal of death-signaling molecules FADD or CASPASE 8 in combination with RIPK3 also had the same effect of reversing the inflammation in the cpdm strain [44, 45] . These findings indicate that TNF-driven cell death, conferred by the failure of the early checkpoint and the resulting RIPK1-dependent death, is inflammatory.
In the IEC-specific knockout of Nemo, deletion of Ripk3, which disables necroptosis but leaves apoptosis intact, still resulted in colitis in a proportion of mice [38] . Similarly, deletion of Ripk3 only partially ameliorated the dermatitis in the Sharpindeficient cpdm mice [45] . These results strongly suggest that TNF-induced RIPK1-dependent apoptosis is inflammatory. A well accepted concept in cell death is that apoptosis is a nonimmunogenic form of death whereas necrotic death such as necroptosis is inflammatory and immunogenic. This concept was formulated based in part on observations that apoptosis often occurs during normal developmental processes without any signs of inflammation. An example of this occurs in the thymus where the bulk of thymocytes die by apoptosis because they failed to be selected during thymic education. Despite the high level of thymocyte death, there is no inflammation because apoptotic debris are rapidly ingested and cleared away by phagocytes. However, it is possible that RIPK1-dependent apoptosis induced by TNF is qualitatively different and can be inflammatory. One possible reason is that RIPK1-dependent death may be accompanied by gene expression of cytokines and chemokines that are inflammatory [46] . Alternatively, the presence of TNF when the cells are dying by apoptosis may cause the cellular debris taken up by innate phagocytic cells to be processed and presented differently. Necroptotic death is widely accepted to be inflammatory due to the release of damage-associated molecular patterns (DAMPs), cellular contents that are ligands for pattern-recognition receptors. This form of death would be triggered by TNF during an infection with a microbial agent that encodes a CASPASE 8 inhibitor or if the responding cells lack CASPASE 8 expression due to epigenetic or transcriptional silencing.
MECHANISMS BY WHICH TUMOR NECROSIS FACTOR-DEPENDENT DEATH LEADS TO GRAFT REJECTION
At present, there is little evidence to indicate that TNF-mediated cell death has a role in human transplants. More compelling evidence has come from mouse models in which various death-signaling components have been genetically altered [47] . It has been reported that Ripk3À/À renal and cardiac allografts survived longer than their wild type counterparts [48, 49] suggesting that necroptosis may be involved. Administration of necrostatin-1, a compound that inhibits the kinase activity of RIPK1, reduced organ damage and failure in a renal ischemia reperfusion injury model [50] . However, both RIPK1 and RIPK3 can also activate apoptosis and have inflammatory functions beyond cell death [51] . The defect in Mlkl knockout is currently believed to be restricted to necroptosis and has been proposed to be more definitive for necroptosis loss-of-function [51] . A role for RIPK1-dependent apoptosis in allograft rejection cannot be ruled out at this point.
RIPK1-dependent death can only occur when there is a disruption in the early cell death checkpoint, but it is not clear when and how this could occur during organ transplantation. The best described manner to disrupt this early checkpoint (without resorting to pharmacological or genetic manipulation) is through simultaneous ligation of both TNFR1 and TNFR2 by TNF. In-vitro experiments have shown that in cells that are normally resistant to TNF-induced death and which do not express TNFR2, the introduction of TNFR2 into these cells will render them sensitive to cell death in a RIPK1-dependent manner [52] . Ligation of TNFR2 leads to the degradation of TRAF2 [53] and the loss of this K63-linked ubiquitin E3 ligase component toggles the TNFR1 output toward RIPK1-dependent cell death. Since TNFR2 expression is more limited whereas TNFR1 expression is more widespread, sensitivity to RIPK1-dependent cell death could be a function of TNFR2 expression level. In a similar manner, reduced expression of RIPK1's E3 ligases (e.g., TRAF2, cIAP1/2, LUBAC components) and/or elevated expression of RIPK1's deubiquitinases (e.g., CYLD) could also shift the response to cell death. The epigenetic and transcriptional regulation of these ubiquitin-modifying molecules are not well understood. Furthermore, these molecules are also subjected to posttranslational regulation. TRAF2 and cIAP1/2 stability can be regulated by proteosomal degradation and CYLD can be cleaved by proteases. Both transcriptional and posttranslational regulation of their expression will be influenced by other signals the cells are also receiving. We propose that the balance in expression of molecules that fortify the early checkpoint versus molecules that drive cell death within an individual donor organ could determine their susceptibility to TNF-induced cell death and, in turn, the degree of ischemia reperfusion injury (Fig. 2a) . Therefore, survival of the allograft may reflect the contention between two opposing responses intrinsic to cells of each donor. Deceased donor transplants involve extended cold storage prior to transplant surgery. It is not known whether extended cold exposure or the subsequent reperfusion affects the expression level of the checkpoint regulators. It is also unclear as to the source of TNF during ischemia reperfusion. In a mouse model of transplant that mimics human deceased donor transplants, cardiac allografts that were subjected to prolonged cold ischemia caused an elevation in TNF level 48 h after the transplant compared to those that did not experience cold ischemia [54 & ]. Although the mechanisms responsible for the elevation in TNF induced by ischemia are still unclear, TNF increase could, at least in part, explain the negative impact of prolonged ischemia on graft outcomes. Therefore, understanding the molecular determinants of how TNF-driven cell death within the allograft tissue is brought about could be a fruitful area for future studies.
As allograft rejection requires an adaptive response, the initial injury resulting from TNFinduced cell death has to be translated into activation of allo-reactive effector T cells. A simple model to account for this is that DAMPs released by donor cells undergoing necroptosis activate dendritic cells presenting allo-antigen to T cells (Fig. 2b) . DAMPs could also activate monocytes/macrophages to produce inflammatory cytokines. This response is sometimes referred to as necroinflammation. It is unclear why necroptosis rather than apoptosis would be activated in an allograft setting. As discussed earlier, RIPK1-dependent apoptosis could be inflammatory and a role for this death in graft rejection cannot be ruled out. It is also unclear whether the type of death program activated may be different in different tissues/organs or in organs obtained from different donors. Outstanding questions remained regarding the circumstances under which RIPK1-dependent apoptosis or necroptosis occurs, and the immunological consequence of either death response during rejection.
One final area where sensitivity to TNF-driven cell death could affect graft survival is at the effector phase of the allo-response. Primed allo-reactive CD8 T cells typically kill their target via the perforin pathway (Fig. 2b) . Effector T cells also produce TNF, which can be cytotoxic to donor cells if those cells have a defective early checkpoint. In addition to T cells, other immune cells including NK cells, macrophages and dendritic cells also produce TNF, and they could potentially kill donor cells via TNF if there is a checkpoint failure in donor cells (Fig. 2c ). This broadens the universe of cytotoxic cells if the donor tissue possesses the appropriate sensitivity. We propose that just as in the initial ischemia reperfusion injury, the balance between opposing regulators of the early checkpoint could render donor cells sensitive to TNF-mediated destruction during the effector phase.
CONCLUSION
Our objective in this review is to provide an in-depth discussion of how TNF regulates two opposing cell fates and to apply newfound molecular understanding of these mechanisms toward understanding allograft survival/rejection. Future studies to address the questions we discussed could provide targets for therapeutic strategies that modulate the cellular responses of donor cells/tissues. This, in combination with existing strategies that modulate host immune cell function, could lead to long lasting allograft survival.
